Background. This is a cross-sectional study designed to evaluate the histologic characteristics of graft injury in the presence of anti-angiotensin II type 1 receptor antibody (AT1R-Ab) and anti-endothelial cell antibody (AECA). Methods. Non-HLA antibody testing was included in the posttransplant evaluation for 70 kidney recipients. Biopsies were performed for cause for 47 patients and as protocol for the remaining 23 patients. Biopsy-proven rejection was defined according to the Banff 2009-2013 criteria. AT1R-Ab was measured on an ELISA platform. Patients were divided into 3 groups based on AT1R-Ab levels (>17, 10-17, and <10 U/ml). AECA was evaluated using an endothelial cell crossmatch (ECXM) in patients whose HLA antibody level was insufficient to cause a positive flow cytometric crossmatch. Results. AT1R-Ab levels were higher in patients diagnosed with antibody mediated rejection compared to those with no rejection (P = 0.004). Glomerulitis (g) and peritubular capillaritis (ptc) scores were independently correlated with increased AT1R-Ab concentrations in the presence or absence of HLA-DSA (P = 0.007 and 0.03 for g scores; p = 0.005 and 0.03 for ptc scores). Patients with a positive ECXM had higher AT1R-Ab levels compared to those with a negative ECXM (P = 0.005). Microcirculation inflammation (MCI = g + ptc score) was higher in patients with a positive ECXM and with AT1R-Ab >17 U/ml, although this did not reach statistical significance (P = 0.07). Conclusions. The data show an association between non-HLA antibodies detected in the ECXM and AT1R ELISA and microvascular injury observed in antibody mediated rejection.
(Transplantation 2017;101: 608-615) N umerous reports have provided evidence for an association between angiotensin II type 1 receptor antibodies (AT1R-Ab) [1] [2] [3] [4] [5] [6] and/or endothelial cell specific antibodies (AECA) 7, 8 with the development of antibody mediated rejection and kidney allograft failure. Furthermore, mechanistic studies have shown that these non-HLA antibodies may directly contribute to allograft dysfunction. 9, 10 Despite these observations, testing for presence of non-HLA antibodies is often performed when donor-specific HLA antibodies (HLA-DSA) are not identified in the sera of patients who are experiencing allograft dysfunction.
Current guidelines for diagnosing antibody mediated rejection require the presence of donor-specific antibody (HLA or non-HLA) with evidence of renal microcirculation inflammation. 11, 12 The relevance of HLA-DSA in allograft damage has been substantiated by observed morphological changes in the biopsies at time of graft dysfunction, including evidence of complement activation. 13, 14 Targets of AT1R-Ab and some AECA may be polymorphic and are constitutively expressed on the vascular endothelium, and expression may be induced or increased during inflammatory events. Given that targets of AT1R-Ab and some AECA are expressed on the vascular endothelium, 8 analysis of the phenotypic characteristics of biopsies in the presence of non-HLA antibodies would potentially provide further evidence linking them to allograft dysfunction.
In this study, we examined the histopathologic characteristics associated with allograft dysfunction in the presence of AT1R-Ab and AECA both alone and in the presence of HLA-DSA and determined if damage was exacerbated when both HLA and non-HLA antibodies were present together.
RESULTS

Characteristics of Study Population
Posttransplant biopsies, HLA-DSA, and AT1R-Ab assessments were performed for 70 patients who received a kidney transplant between 1988 and 2014. These tests were performed to investigate allograft dysfunction in 47 patients (67%) and as protocol in the remaining 23 patients (33%). The cohort was divided into 3 groups based on the AT1R-Ab levels [group 1, high level: >17 U/ml, n = 21 (30%); group 2, moderate level: 10-17 U/ml, n = 27 (38%); and group 3, low level: <10 U/ml, n = 22 (31%)].
The characteristics of the patients and their donors were comparable among the 3 groups (Table 1) . The average estimated glomerular filtration rate (eGFR; ml/min/1.73 m 2 ) was less than 60 ml/min/1.73 m 2 in all 3 groups (48, 44, and 43 ml/min/1.73 m 2 , respectively; P = 0.7). The distribution of males and females among the 3 AT1R-Ab groups was skewed with fewer females in group 1 (AT1R-Ab >17 U/ml) and the converse in group 3 (AT1R-Ab <10 U/ml), and the difference approached statistical significance (P = 0.07). The number of patients who were treated with an angiotensin receptor blocker (ARB; losartan or valsartan) for their hypertension was higher in group 1 (48%) compared to group 2 (26%) and group 3 (23%), although this did not reach statistical significance (P = 0.2). There was no significant difference among the 3 AT1R-Ab groups in the distribution of patients with known increased risks for rejection, such as African-Americans (P = 0.8) and recipients who had a previous transplant (P = 0.5). Among the 12 patients who were transplanted with an ABO incompatible donor, the ABO titer ranged between 0 and 32 at time of allograft dysfunction. The distribution of patients who underwent desensitization at time of transplantation due to HLA-DSA incompatibility (HLAi) or ABO incompatibility (ABOi) did not differ significantly between the 3 groups (P = 0.2 for HLAi and P = 0.1 for ABOi).
HLA-DSA is a well-recognized risk factor for graft dysfunction due to antibody mediated rejection (AMR). At the time of suspected allograft dysfunction, there was no significant difference between the number of patients who had HLA-DSA (P = 0.7) or in the strength of their antibodies (P = 0.3) among the 3 AT1R-Ab levels. The strength of HLA-DSA before transplantation was also not significantly different between the 3 groups (P = 0.7).
Overall, the data in Table 1 show that factors associated with an increased risk of acute rejection were not statistically different among the 3 AT1R-Ab levels.
Rejection in the 3 AT1R-Ab Groups
Analysis of the biopsies performed at time of antibody testing indicated that 31 (44%) of the patients had antibody mediated rejection (AMR); 1 of whom had both antibody and cell mediated rejection. Seven patients (10%) had only cell mediated rejection (CMR) and 30 patients (42.8%) had no rejection. Transplant glomerulopathy (TG), with no acute rejection detected, was present in the remaining 2 biopsies. We compared AT1R-Ab levels in patients with antibody and cell mediated rejection against those with no rejection and found a significant difference between the AMR and no rejection groups (P = 0.004) but no difference between the CMR and no rejection groups (P = 0.7) (Figure 1 ). The mean AT1R-Ab concentration was 18.8 ± 10.6 U/ml for patients diagnosed with AMR compared to 11.8 ± 7.4 U/ml for those with no rejection and 12.9 ± 6.7 U/ml for patients with CMR.
To further investigate the association between AT1R-Ab and antibody mediated rejection, we excluded the 7 patients with CMR only and reexamined risk factors for AMR. As expected, the number of patients with HLA-DSA was significantly higher in the AMR group compared to the group with no rejection (P = 0.00005). Similarly, the distribution of patients among the 3 AT1R-Ab levels was significantly different between AMR and no rejection (P = 0.009) ( Table 2) , with more AMR diagnosis in the higher AT1R-Ab levels (48% in the >17 U/ml group and 35% in the 10-17 U/ml group) compared to those at lowest AT1R-Ab levels (16% in the <10 U/ml group). Among patients with antibody mediated rejection, HLA-DSA was negative in 3/15 patients (20%) in the high AT1R-Ab group (>17 U/ml), 1/11 patients (9%) in the moderate AT1R-Ab group (10-17 U/ml), and none of the 5 patients (0%) in the low AT1R-Ab group (<10 U/ml).
We evaluated whether development of antibody mediated rejection correlated with an increase in HLA-DSA from a pretransplant timepoint to time of biopsy. We compared changes in HLA-DSA levels in the 3 AT1R-Ab levels. In this cross-sectional cohort, AMR was more closely associated with high AT1R-Ab levels and was independent of changes in the level of HLA-DSA; 72% of the patients with no change in HLA-DSA and with AT1R-Ab >17 U/ml developed AMR; 71% with a decrease in HLA-DSA and AT1R-Ab > 17 U/ml had an AMR. Additionally, 83% of patients who had an increase in HLA-DSA and moderate levels of AT1R-Ab had AMR (Table 3) .
Of 18 patients with no HLA-DSA before transplantation, 3 (16%) developed de novo HLA-DSA at time of biopsy; 2 of the 3 patients were in the moderate AT1R-Ab group and both developed rejection (1 AMR and 1 CMR). The third patient was negative for AT1R-Ab and had no rejection. FIGURE 1. AT1R-Ab concentration in patients with AMR, CMR, and no rejection. AT1R-Ab concentrations were significantly higher in patients with AMR (mean AT1R-Ab concentration 18.8 ± 10.6 U/ml) compared to those with no rejection (mean AT1R-Ab concentration 11.8 ± 7.4 U/ml). No significant difference was observed for patients with CMR (mean AT1R-Ab concentration 12.9 ± 6.7 U/ml) versus no rejection. AT1R-Ab concentrations for two remaining biopsies were reported as transplant glomerulopathy and were 9.4 and 10.9 U/ml, respectively. 
Biopsy Results
We compared the biopsy scores with respect to AT1R-Ab levels for the 70 patients in this cohort, including those who were positive and negative for HLA-DSA (Figure 2 ). Scores for glomerulitis (g), inflammation (i), and peritubular capillaritis (ptc) were positively correlated with increased AT1R-Ab concentrations (P = 0.007, 0.03, and 0.005, respectively). For 28 patients who tested negative for HLA-DSA, the number of biopsies with scores of 2 and 3 were combined to allow for statistical analysis as biopsies in those groups were limited to 4 and 2, respectively. In the absence of HLA-DSA, higher AT1R-Ab concentrations were again associated with biopsies showing increased microvascular inflammation (glomerulitis and peritubular capillaritis) compared to those with scores of 0 and 1 (P = 0.03 for both injuries). Two biopsies were scored ≥2 for inflammation, in the absence of HLA-DSA, and the AT1R-Ab concentrations were higher in those 2 biopsies compared to the biopsies scored as 0 and 1 (Figure 2b ). Microcirculation inflammation (MCI) sum scores (g score + ptc score) were higher in group 1 (high level AT1R-Ab) compared to groups 2 (moderate level AT1R-Ab) and 3 (low level AT1R-Ab), in the absence of HLA-DSA. These results approached statistical significance (Figure 2c ; P = 0.07). Of 9 patients with MCI scores >2 and no HLA-DSA, 4 were diagnosed with AMR (3 with high levels of AT1R-Ab; >17 U/ml), 2 were diagnosed with cell mediated rejection (1 with AT1R-Ab >17 U/ml), and 3 with no rejection (none with AT1R-Ab >17 U/ml).
Scores for tubulitis (t) and tubular inflammation (ti), which are elevated in cellular rejection, were not significantly correlated with increased AT1R-Ab concentration (data not shown). Similarly, intimal arteritis (v), interstitial fibrosis (ci), tubular atrophy (ct), intimal thickening (cv), C4d staining, and chronic glomerulitis (cg) did not correlate with changes in AT1R-Ab concentrations (data not shown).
Anti-Endothelial Cell Antibody Detection Posttransplantation
An endothelial cell flow cytometric crossmatch (ECXM) was available for 35 patients who had no HLA-DSA or low levels of HLA antibody that were insufficient to cause a positive flow cytometric crossmatch. Patients with a positive ECXM (n = 11) had stronger AT1R-Ab concentrations compared to a negative ECXM (n = 24) (P = 0.005; Figure 3a) . Of the 11 patients with a positive ECXM, 6 were diagnosed with AMR, 2 with cell mediated rejection, 2 had no rejection, and 1 was diagnosed with transplant glomerulopathy (P = 0.02). The average time from transplant date to AMR was 20 months (SD 26.2) for patients with AECA and or/AT1R-Ab >17 U (n = 4) and 22 months (SD 49.7) for patients with HLA-DSA and non-HLA antibody (n = 27).
We then examined the microcirculation inflammation (MCI) scores in patients who had a positive ECXM versus those with a negative ECXM. The mean MCI scores for patients with positive ECXMs (2.54 ± 0.5) were higher than for those with negative ECXMs (1.33 ± 0.3) but was not statistically significantly different (Figure 3b ; P = 0.07).
DISCUSSION
The primary goal of this study was to correlate the characteristics of biopsy microcirculation inflammation with presence of non-HLA antibody identified in the ECXM and AT1R-Ab ELISA. Two histopathological features of endothelial injury, glomerulitis and peritubular capillaritis, emerged as significantly increased with increasing AT1R-Ab serum levels, independent of HLA-DSA. Glomerulitis and peritubular capillaritis are characterized by neutrophil and monocyte infiltration 15 and likely reflect local immune activation. Angiotensin II type 1 receptors, the target for AT1R-Ab, are expressed at high levels on endothelial cells, and activation of this receptor in human microvascular endothelial cells in the presence of AT1R-Ab has been shown to cause endothelial cell dysfunction and neutrophil migration, and these effects were reduced in the presence of an angiotensin receptor blocker. 16 Therefore, AT1R-Ab is thought to contribute to graft dysfunction by inducing activation of signaling pathways in a similar fashion as the endogenous ligand for this receptor, angiotensin II. [16] [17] [18] A previous study from Jackson et al independently showed that anti-endothelial cell antibodies (AECA) identified in the endothelial cell crossmatch were associated with increased peritubular capillaritis in the absence of donor-specific HLA antibody, 8 suggesting a similar pathophysiology with AECAs as with AT1R-Ab. Microcirculation inflammation (MCI) has been shown to predict worst graft outcome. 19, 20 In this cohort, MCI scores increased in patients with positive ECXM and AT1R-Ab >17 U/ml, although the numbers in this group were small and did not reach statistical significance. Thus, AT1R-Ab and AECA may be direct contributors to the initiation or maintenance of an inflammatory milieu through the activation of receptors on immune cells. 16, 17 Angiotensin II type 1 receptor is also expressed on monocytes, podocytes, renal vascular smooth muscle cells, and renal arteries.
21 AT1R-Ab activation of this receptor has been shown to increase pro-inflammatory protein expression. 16 An inflammatory environment is conducive to further upregulation of AT1R expression 22 as well as upregulation of HLA expression. 23 Inflammation scores were increased with increasing AT1R-Ab concentrations and HLA-DSA (Figure 2) . We could not assess the contribution of AT1R-Ab alone on FIGURE 2. Scores for glomerulitis (g), inflammation (i), and peritubular capillaritis (ptc) for patients with and without HLA-DSA. AT1R-Ab concentrations were compared to Banff scores for glomerulitis (g), peritubular capillaritis (ptc), and inflammation (i) in the presence of HLA-DSA (score = 0; n = 29) , score = 1; n = 26), score = 2; n = 11, score = 3; n = 4) and without HLA-DSA (score = 0; n = 15, score = 1; n = 7; score ≥2; n = 6). Higher AT1R-Ab concentrations correlated with increased scores for g, i, and ptc in presence of HLA-DSA (A) and without HLA-DSA (B). MCI consisted of the sum of g + ptc scores were compared in patients with no HLA-DSA. MCI scores were higher in patients with AT1R-Ab >17 U/ml but did not reach statistical significance (<10 U/ml, n = 9; 10-17 U/ml, n = 12; >17 U/ml, n = 7) (C).
inflammation since there were only 2 biopsies with no HLA-DSA with an inflammation score ≥2. It is worth noting that both of these biopsies had AT1R-Ab levels >17 U/ml (23.9 and 37.5 U/ml) and positive ECXM, and both were diagnosed with acute rejection (Figure 2b ). Further studies using larger cohorts of patients with no HLA-DSA will be required to determine the contribution of AT1R-Ab alone to the process of inflammation.
C4d scores were not significantly different among the 3 groups, and this is in agreement with most AT1R-Ab studies. [24] [25] [26] It is now recognized that antibody mediated injury may occur in the absence of detectable complement activation 27 through such mechanisms as antibody dependent cell mediated cytotoxicity or antibody mediated endothelial cell activation. 12, 28, 29 Glomerulitis and peritubular capillaritis scores were highest when patients presented with both HLA-DSA and non-HLA antibody in their serum (Figure 2 ). Taniguchi also showed evidence of worst graft outcome in patients with HLA-DSA and non-HLA antibodies compared to either antibody alone. 4 Therefore, our data support previously published reports showing that non-HLA antibodies and HLA-DSA may function in synergy. 4, 30 Different thresholds for positivity have been suggested in studies investigating AT1R-Ab levels in transplantation recipients. 3, 4, 31 Our study confirms previous reports that AT1R-Ab and AECA are associated with antibody mediated rejection (Table 2) . Moreover, we found a greater correlation with AMR and MCI scores when the AT1R-Ab was >17 U/ml. It is worth noting that among the 11 patients with moderate AT1R-Ab levels (10-17 U/ml), those with AMR had stronger HLA-DSA; 4/15 (26%) patients versus 8/11 (72%) patients in the high AT1R-Ab group and in the moderate AT1R-Ab group respectively had HLA-DSA sufficient to yield a positive flow cytometric crossmatch. This suggests that moderate levels of AT1R-Ab alone may not contribute to damage but in the presence of HLA-DSA may become pathogenic. This is further illustrated by the increased incidence of AMR in the 6 patients who had an increase in HLA-DSA at time of biopsy with moderate AT1R-Ab levels (Table 3) . Conversely, an increase in HLA-DSA in the AT1R-Ab <10 U/ml did not result in AMR (Table 3) . It is important to note that the HLA-DSA levels in both groups were at similar levels.
AMR was diagnosed in only 4 patients (5%) with AECA and or/AT1R-Ab >17 U, but no HLA-DSA. A similar frequency was determined by Tinckam et al when analyzing several reports linking AT1R-Ab with allograft dysfunction 32 prompting the question of the relevance of testing for these antibodies. Taniguchi noted a few cases in which AT1R-Ab preceded development of HLA-DSA. 4 The possibility that increased inflammation due to the presence of AT1R-Ab could result in production of de novo HLA-DSA may provide reason to consider screening for a selected group of patients. In this cohort, we found that of 18 patients with no HLA-DSA before transplantation, only 3 (16%) developed de novo HLA-DSA at time of biopsy; 2 of these patients had moderate levels of AT1R-Ab and experienced rejection. Further longitudinal studies with larger cohorts will determine whether presence of non-HLA antibodies can lead to development of HLA-DSA in patients who were not sensitized to HLA antibodies before transplantation.
In this study, we found no correlation between AT1R-Ab and cell mediated rejection. The median AT1R-Ab concentration for biopsies with cell mediated rejection was 14.66 U/ml (range 2.5 to 23.9 U/ml; mean: 12.9 ± 6.7 U/ml). These values are consistent with previous reports noting that high AT1R-Ab concentrations were not observed for patients diagnosed with cell mediated rejection alone. 31 It is possible that our cohort was too small to definitively determine the contribution of AT1R-Ab in cell mediated rejection. Injuries related to CMR (tubulitis and tubular inflammation) were not increased with increased AT1R-Ab concentrations.
There were also more patients with high levels of AT1R-Ab (>17 U/ml) who had hypertension (29% in the high AT1R-Ab group versus 11% and 18% in the moderate and low AT1R-Ab groups) and were treated with an angiotensin receptor blocker (48% vs. 26% and 23% for groups 1, 2, and 3, respectively). These data are in line with reports linking AT1R-Abs with hypertension. 17 Previous reports have shown that excessive activation of AT1R via tissue angiotensin II (Ang II) or AT1R-Ab negatively affects cardiovascular, renal, and endocrine systems to provoke hypertension and lead to kidney damage. 33 The limitations of this study include the small sample size and the cross-sectional analysis that limits our analysis to a single time point posttransplant. Longitudinal samples collected after initiation of treatment would help determine whether current therapies are effective in preventing further damage associated with presence of non-HLA antibodies. Table 1 shows that 17 patients who were positive for AT1R-Ab (10 in the high level AT1R-Ab group and 7 in the moderate AT1R-Ab group) were treated with an angiotensin receptor blocker (ARB) at time of graft dysfunction primarily for treatment of hypertension. Increased posttransplant monitoring would be needed to assess whether treatment with an ARB results in some improvement of biopsy damage. The percentage of patients who were positive for AT1R-Ab and who were diagnosed with antibody mediated rejection is higher in this cohort compared to previous reports, and this is likely due to the selection of patients with suspected graft dysfunction or with biopsies showing subclinical rejection.
In conclusion, testing for AT1R-Ab and AECA may identify patients at higher risk for antibody mediated injury, particularly in the presence of HLA-DSA. Identifying histological features that lead to allograft loss and identifying targets for therapeutic intervention may improve the length of allograft survival.
MATERIALS AND METHODS
Study Population and Immunosuppression
Under an approved IRB protocol, demographics and clinical information were collected from the electronic patient information records (EPIC) of 77 kidney recipients who were transplanted between 1988 and 2014 and had posttransplant non-HLA antibody testing. Seventy of the 77 recipients were biopsied and 7 recipients did not have a biopsy (3 were unable to be biopsied because of the location of the allograft, samples of a 1:100 serum dilution were added to the 96-well polystyrene microtiter plate coated with human AT1R derived from transfected Chinese hamster ovary cell extracts 37 and incubated at 4°C for 2 hours. Because AT1R-Ab has been shown to bind specific amino acids within the second extracellular loop of the protein, maintenance of the conformational structure of the receptor is important and is achieved with the addition of 1 mM calcium chloride to each buffer. Following washing steps, a horseradish peroxidase-conjugated goat antihuman IgG detection antibody is added and incubated for 1 hour, followed by the addition of 3,3′,5,5′-tetramethylbenzidine (TMB) substrate. Presence of antibody bound to AT1R is detected by a colorimetric change. A standard curve is generated to allow the quantitation of AT1R-Ab, using a control sample at varying concentrations (2.5, 5, 10, 20, and >40 U/ml).
Anti-endothelial cell antibodies (AECAs) of the IgG isotype were detected using a flow cytometric crossmatch test (ECXM) performed using angiopoietin receptor positive (Tie-2+) peripheral blood ECPs (XM-ONE; Absorber AB, Stockholm, Sweden) acquired on a BD FACSAria using FACSDiva (version 6.1.1; BD Biosciences, Franklin Lakes, NJ).
HLA Typing for Patients and Donors
Recipient and donor HLA-A, B, C, DQ, DR, and DP typing were performed by solid-phase reverse sequence specific oligonucleotide assay (One Lambda LABType). HLA antigen typing ambiguities were resolved by DNA sequence based methods.
Statistical Calculation
Significant difference between the 3 groups was calculated using the analysis of variance (1-way ANOVA). Continuous variables were compared using Student's t-test and categorical variables were compared using the chi-squared test and Fisher's exact test. A P-value less than 0.05 was considered statistically significant.
